1. When DNA is hydrolysed with formic acid for 30min. at 175°and the hydrolysate is chromatographed on paper with propan-2-ol-2N-hydrochloric acid, in addition to expected ultraviolet-absorbing spots corresponding to guanine, adenine, cytosine and thymine, an ultraviolet-absorbing region with Rp similar to that of uracil can be detected. Uracil was separated from this region and identified by its spectra in acid and alkali, and by its Rp in several solvent systems.
2. Cytosine, deoxyribocytidine and deoxyribocytidylic acid similarly treated with formic acid all yielded uracil, as did a mixture of deoxyribonucleotides.
3. Approx. 4% of deoxyribonucleotide cytosine was converted into uracil by the formic acid treatment.
Formic acid (Vischer & Chargaff, 1948) and perchloric acid (Marshak & Vogel, 1951) are commonly employed for base analysis of DNA. However, in the present work the use of formic acid for determination of base ratios resulted in the appearance of an ultraviolet-absorbing region with RF similar to that of uracil on paper chromatograms of hydrolysates of purified DNA from Micrococcus radioduran8. There was a complete absence of ultraviolet-absorption from the corresponding region on chromatograms of perchloric acid hydrolysates of the same DNA.
There are indications in the literature that cytosine is somewhat labile, undergoing deamination to uracil on exposure to mineral acids at elevated temperatures (Wheeler & Johnson, 1903; Vischer & Chargaff, 1948; Loring & Ploeser, 1949 Wyatt & Cohen (1953) . A few milligrams of DNA were weighed into a small Pyrex tube. Then 0-5ml. of 88-90O (w/w) formic acid (May and Baker Ltd., Dagenham, Essex) was added and the tube was sealed off approx. 4cm. above the surface of the liquid. The contents remained cool during sealing. The bomb tube was completely immersed in a fluidized sand bath and maintained at 175°for 30min. The tube was opened and the formic acid was evaporated in a stream of air at 30°. The residue was dissolved in a volume ofN-HCl suitable for chromatography. Occasionally the HCI solution was centrifuged. At least two portions (10 or 20,ul.) of the HCI solution were spotted on 50cm. x 22-5 cm. sheets of Whatman no. 1 paper. Sufficient space for blanks was left adjacent to the applied spots. The chromatograms were developed in propan-2-ol-2N-HCl (Wyatt, 1951b) for 24-36hr., dried in a current of warm air and photographed. The ultraviolet source was a Transparent Vitreosol mercury-vapour lamp (T/MS/534C; Thermal Syndicate Co., Wallsend, Northumberland). The filter system was described by Markham (1963) . The contact printing paper was EK Duostat reflex no. 13 (Kodak Ltd., London).
Ultraviolet-absorbing spots were outlined by juxtaposition of the print and the chromatogram over a fluorescent 'white light'. The areas containing ultraviolet-absorbing material were cut out, placed in conical centrifuge tubes and eluted with 3-5ml. of 0 1 N-HCI for 6-18hr. The paper shreds were thoroughly mixed in the solution, and the absorption spectrum of the clear supernatant fluid obtained by centrifuging was measured in a Cary model 14 recording spectrophotometer. The estimation of base ratios was carried out according to the method of Markham (1955) . The uncharacterized ultraviolet-absorbing region between cytosine and thymine with an absorption maximum at 259 m,u was eluted and calculated as uracil (E260 7-9 x 103).
DNA hydroly8is with perchloric acid. Hydrolysis, chromatography and calculation of base ratios were as described by Markham (1955) .
Identification of uracil informic acid hydroly8ates of DNA. Samples (50mg. each) of horse-spleen DNA, herring-sperm DNA and calf-thymus DNA (Seravac) and 20mg. of M. radioduran8 DNA were each heated with 1-5ml. of 88-90% (w/w) formic acid in a bomb tube for 30min. at 175°.
The tube was cooled and opened. Formic acid was evaporated in a stream of air at 300. The residue was dissolved in 200,1l. of N-HCI and streaked on Whatman no. 3MM paper alongside a uracil marker. The papers were chromatographed in propan-2-ol-2 N-HCI for 24-36 hr.
The ultraviolet-absorbing band with Rp similar to that of uracil was cut out and eluted with 2-5ml. of water in a Perspex eluting box. The water was evaporated and the dried residue was dissolved in 100,lO. of water. Portions (50,u.) were streaked on Whatman no. 3MM paper and chromatographed alongside a uracil marker with propan-2-ol-water plus NH3 (Markham & Smith, 1952) for several hours. Two or more ultraviolet-absorbing bands were usually noted in this solvent. The band with Rp similar to that of uracil was cut out and eluted as described above. The eluent was evaporated and the residue was dissolved in IOO,ul. of water. A portion (50ju1.) of the solution was streaked on Whatman no. 1 paper together with adjacent uracil, cytosine and thymine markers, and rechromatographed with butan-l-ol-formic acid-water (Markham & Smith, 1949 (Markham & Smith, 1950) . Solvent B: butan-l-ol-water (43:7, v/v) (Markham, 1955) . Solvent C: propan-2-ol-2N-HCI, i.e. propan-2-ol-12N-HCl-water (39:10:11, by vol.) (Wyatt, 1951b) . Solvent D: propan-2-ol-acetic acid-water (6:3:1, by vol.) (Cohn, 1960) . Solvent E: propan-2-ol-water (7: 3, v/v); 0 35 ml. of aq. NH3 (sp.gr. 0 88)/1. of tank volume was added to the solvent mixture at the bottom of the chromatography tank (Markham & Smith, 1952) . Solvent F: butan-l-ol-98% (w/w) formic acid-water (77:10:13, by vol.) (Markham & Smith, 1949) . Solvent G: butan-l-olacetone-water-aq. NH3 (sp.gr.0.88) (40:50:15:3, by vol.) (Kallen, Simons & Marmur, 1962) .
Identifiction of uracil in formic acid hydroly8atea of cytosine and deoxyribocytidylic acid. Cytosine (3.34mg.) and deoxyribocytidylic acid (9.Omg.) were each treated with 0-5ml. of formic acid at 1750 for 30min. All subsequent procedures were as described above. Usually from one to three ultraviolet-absorbing spots were present on the paper chromatograms. Uracil could be distinguished from cytosine, unhydrolysed deoxyribocytidine and deoxyribocytidylic acid by its characteristic Rp and different absorption spectrum.
RESULTS
All the chromatograms of the formic acid hydrolysates, but none ofthe perchloric acid hydrolysates, of herring-sperm DNA, M. radioduran8 DNA, M. lysodeikticu8 DNA, horse-spleen DNA and calfthymus DNA contained ultraviolet-absorbing t Treated as X and carried through the procedure described under 'Identification of uracil in formic acid hydrolysates of DNA' in the Methods section. Table 3 . Rp values of pyrimidine8 and of X (uracil) from formic acid hydroly8ates of variou8 DNA samples and from formic acid-treated cyto8ine and deoxyribocytidylic acid I Kallen et al. (1962) . § Same as uracil; the solvent ran off the paper.
material, sometimes in quite discrete spots, between cytosine and thymine (Fig. 1) . The material eluted from this region had an absorption maximum at 259m,u. Calculated as uracil, it averaged 1-2% of the total bases of four samples of DNA (Table 1) . There was no significant difference between the ratios of the major bases obtained with perchloric acid rather than formic acid as the hydrolysing agent. The reason for this is treated in the Discussion section.
Varying the source or amount of formic acid, the type of heating bath and substitution of nitrogen for air in the bomb tube yielded essentially the same results. Prolonging the heating time increased the amount of uncharacterized ultraviolet-absorbing material.
For identification of the ultraviolet-absorbing material located between cytosine and thymine on chromatograms, larger amounts of DNA from several sources were each hydrolysed with formic acid and chromatographed on paper (see under 'Identification of uracil in formic acid hydrolysates of DNA' in the Methods section). The band with the mobility of uracil, labelled X, had the same spectra as uracil in acid and alkali (Table 2) and had essentially the same B. as uracil in seven solvent systems (Table 3) .
The same results were obtained when cytosine and deoxyribocytidylic acid were similarly treated with formic acid for 30min. at 1750, except that only one band was present in propan-2-ol-water plus ammonia. When the streak corresponding to X was eluted from the butan-1 -ol-formic acidwater chromatogram it also closely resembled uracil in spectra in acid and alkali and R. (Tables   2 and 3) .
Heating cytosine, deoxyribocytidine and deoxyribocytidylic acid with formic acid for 10, 20 and 30min. produced an increasing amount of uracil (Table 4) .
When a mixture of purified deoxyribonucleotides was treated with formic acid, the calculated amount of uracil formed was in the range 1-3-1-9% of the total bases (Table 5) .
DISCUSSION
The absence of uracil in perchloric acid hydrolysates ruled out uracil as an intrinsic constituent of M. radioduran8 DNA, although uracil is present in at least one species of bacteriophage DNA (Takahashi & Marmur, 1963) , and also ruled out contamination by RNA or oligoribonucleotides for all of the DNA samples. There was the possibility that the ultraviolet-absorbing region between cytosine and thymine on chromatograms of formic acid hydrolysates of M. radioduran8 contained a small amount of 5-hydroxymethylcytosine (Kallen et al. 1962) , which, in internucleotide linkage, is destroyed by perchloric acid (Wyatt & Cohen, 1953) . Another possibility was the presence of a previously undescribed base unaffected by formic acid but destroyed by perchloric acid. It was most likely, however, considering the lability of cytosine to some acids at elevated temperatures, that a portion of the cytosine was converted into uracil.
Thus heating with 10% hydrochloric acid caused a partial conversion of cytosine into uracil (Vischer & Chargaff, 1948) . Similarly Loring & Ploeser (1949) noted that cytidine refluxed with 0-4N-sulphuric acid for 48hr. was largely converted into uridine and ammonia. Vischer & Chargaff (1948) initially employed formic acid as a hydrolysing agent for ,umoles of uracil ,tmoles of cytosine+,utmoles of uracil x 00 The variation between duplicate analysis for uracil was in the range 1-15% and that for cytosine was in the range 1-6%. RNA to minimize destruction of pyrimidine bases. In their hands the recovery of formic acid-treated cytosine was 100%; only a trace of uracil was noted on the paper chromatograms. The ratio of cytosine N recovered to total nucleotide N of formic acidtreated ribocytidylic acid never exceeded 0-8, and uracil was not observed on the paper chromatograms. When formic acid at 1750 was employed to hydrolyse ox-spleen DNA and calf-thymus DNA, in no case was uracil demonstrated on the chromatograms (Chargaff, Vischer, Doniger, Green & Misaini, 1949) . These investigators localized the bases on paper by reaction with Hg2+ followed by exposure to ammonium sulphide. Black spots of mercuric sulphide indicated the presence of the separated bases. Wyatt (1951a) noted the occasional presence of a trace of uracil in formic acid hydrolysates of ox-spleen DNA and herring-sperm DNA. Nothing was stated about its possible origin. Ultraviolet-absorbing spots were detected by Wyatt (1951a) with the aid of an ultraviolet lamp. Examination of the propan-2-ol-2N-hydrochloric acid chromatograms of formic acid hydrolysates of DNA by ultraviolet light usually reveals at least four distinct spots (Fig. 1) . Not so visible to the eye is the sometimes considerable amount of 'tailing' that occurs, increasing with the amount of hydrolysed DNA spotted and, probably, with impurities in the DNA sample. Such tailing can be revealed by photographing the chromatogram with a special ultraviolet lamp and sensitive photographic paper. The region between cytosine and Table 5 . Purine and pyrimidine base ratio8 of a deoxyribonucleotide mixture treated with formic acid Samples (10mg. each) of deoxyriboadenylic acid, deoxyriboguanylic acid, deoxyribocytidylic acid and thymidylic acid were mixed and dissolved in 10ml. of water. Portions containing 1, 2, 4, 6 and 8mg. of the deoxyribonucleotide mixture were dried and heated with formic acid in a bomb tube in the usual manner. Base ratios and uracil were measured. A portion of the unhydrolysed deoxyribonucleotide mixture was dried, and the residue was dissolved in 0-1 -HCI and chromatographed directly. The results listed are the averages of at least duplicate determinations. The variation between duplicate analysis of bases except for uracil was in the range 0-6%, with most in the range 1-3%.
Composition (moles/l100moles of total bases) 4-0mg.
21-3 27-3 27-7 1-8 22-0 * Adenine and guanine deoxyribonucleotides were depurinated in the 0-1 N-HCI used to dissolve the mixture of deoxyribonucleotides and in propan-2-ol-2N-HCl. Only the free bases were found on chromatograms. In contrast, cytosine and thymine deoxyribonucleotides were stable in dilute acid, and free bases were absent. thymine may appear as a narrow ultravioletopaque vertical streak or it may be resolved into several discrete ultraviolet-absorbing spots. With sufficient photographic developing this uncharacterized region can easily be eliminated from the print, leaving only four well-defined spots, corresponding to guanine, adenine, cytosine (plus 5-methylcytosine) and thymine. The results indicate that some of the ultraviolet-absorbing material in this region is uracil (Tables 2 and 3) . Small amounts of uracil may not be observed if the amount of hydrolysate spotted is 025-0-5mg. of DNA or less or if the chromatograms are examined in ultraviolet, light and the bases located by the naked eye. Employment of larger amounts of DNA for hydrolysis and chromatography increases the accuracy of the results and also reveals distinct and measurable amounts of uracil in the formic acid hydrolysate. Discrete spots may occasionally be observed with R. similar to that of uracil. These, when cut out and eluted with acid, have an absorption maximum at 259m,u and an absorption spectrum resembling that of uracil.
The presence of other ultraviolet-absorbing material together with uracil on propan-2-ol-2N-hydrochloric acid chromatograms of formic acid hydrolysates of DNA renders the quantitative estimation of uracil at this stage uncertain; thus the values for uracil in Table 1 represent maxima.
To estimate the uracil specifically in formic acid hydrolysates of DNA it is necessary to elute the entire region of the paper chromatogram with R. similar to that of uracil, and to resolve the mixture by paper chromatography in several solvent systems. Losses attendant on such a procedure would yield minimum values for uracil. When uracil was separated from other ultravioletabsorbing constituents and estimated in this fashion about half of the material absorbing at 260m,u on propan-2-ol-2N-hydrochloric acid chromatograms in the region between cytosine and thymine was found to be uracil. Substitution of DNA by a mixture of deoxyribonucleotides allowed an estimation of uracil under conditions resembling actual DNA hydrolysis and relatively free of background ultraviolet-absorption; the uracil spots were discrete and well-outlined. Under these conditions 1-3-1-9% of the total bases appeared as uracil, a value in good agreement with the results with DNA. The uracil values for DNA are also comparable with the results of heating cytosine, deoxyribocytidine and deoxyribocytidylic acid with formic acid: approx. 3-6% of the cytosine was converted into uracil.
It is clear that uracil may be derived from cytosine or the cytosine moiety of cytosine derivatives by heating with formic acid at 1750. Fu & Bojarska (1965) obtained essentially the same results with 5-methylcytosine: approx. 5% of the methylcytosine was converted into thymine by formic acid in 30min. at 1750. Recoveries of 96-100% of purine and pyrimidine bases after separate formic acid treatment were obtained by Wyatt (1951b 
